SNR degradation in GNSS-R measurements under the effects of radio-frequency interference by Querol Borràs, Jorge et al.
IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING 1
SNR degradation in GNSS-R measurements under
the effects of Radio-Frequency Interference
Jorge Querol, Student Member, IEEE, Alberto Alonso-Arroyo, Student Member, IEEE,
Raul Onrubia, Student Member, IEEE, Daniel Pascual, Student Member, IEEE, Huyk Park, Member, IEEE,
and Adriano Camps, Fellow, IEEE
c©2017 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works. The official, published version of this paper may be obtained via IEEE Xplore c©using the
following Document Object Identifier (DOI): 10.1109/JSTARS.2016.2597438
Abstract—Radio-Frequency Interference (RFI) is a serious
threat for systems working with low power signals such as those
coming from the Global Navigation Satellite Systems (GNSS). The
Spectral Separation Coefficient (SSC) is the standard figure of
merit to evaluate the Signal-to-Noise Ratio (SNR) degradation
due to RFI. However, an in-depth assessment in the field of
GNSS-Reflectometry (GNSS-R) has not been performed yet, and
particularly, about which is the influence of RFI on the so-called
Delay-Doppler Map (DDM). This work develops a model that
evaluates the contribution of intra-/inter-GNSS and external RFI
effects to the degradation of the SNR in the DDM for both
conventional and interferometric GNSS-R techniques. Moreover,
a Generalized SSC (GSSC) is defined to account for the effects of
non-stationary RFI signals. The results show that highly directive
antennas are necessary to avoid interference from other GNSS
satellites, whereas mitigation techniques are essential to keep
GNSS-R instruments working under external RFI degradation.
Index Terms—RFI, interference, GNSS-R, reflectometry, SNR,
DDM, degradation, WAF, ambiguity, SSC, GSSC, Wigner-Ville.
I. INTRODUCTION
NOWADAYS, the consolidation of mass-market wirelesscommunication applications together with the increasing
demand of wider bandwidths of operation have fostered the
problem of Radio-Frequency Interference (RFI) in an over-
crowded frequency spectrum. RFI are undesirable signals that
degrade or even disrupt the performance of a receiver, and
they are particularly threatening for devices that use very low
power signals such as Global Navigation Satellite Systems
(GNSS) receivers. Despite their inherent protection to RFI
due to the spread-spectrum codes used in navigation signals
in order to achieve Code Division Multiple Access (CDMA),
GNSS-based instruments are prone to suffer from RFI effects.
In the last years, the number of reported RFI occurrences
in GNSS has been increasing [1], even though legal policies
are established to protect GNSS bands. Furthermore, several
studies, such as [2] and [3], have shown that, in addition to
jamming signals, even unintentional RFI signals can degrade
the performance of GNSS receivers. In GNSS, RFI signals
include aeronavigation signals such as Distance Measurement
Equipment (DME) at the GPS L5/Galileo E5 bands, spurious
or harmonics of lower frequency, and even contributions of
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the same GNSS satellites sharing the same band of operation
among others. Although anthropogenic RFI signals are the
most common source, natural emissions may also be consid-
ered as RFI signals such as Sun L-band surface glints which
can also affect GNSS-R measurements.
The impact of RFI signal in GNSS receivers has been
studied in detail over the last decade. The Spectral Separation
Coefficient (SSC) was defined as a figure of merit to quantify
the degree of interference that a GNSS signal suffers due to
other signals sharing the band of operation [4], in terms of
a reduction of the Signal-to-Noise Ratio (SNR). Indeed, the
SSC allows to characterize also GNSS intra-system and inter-
system SNR degradation [5]. That is a measurement of the
rejection ratio between navigation codes taken into account in
their design process in order to guarantee the co-existence of
multiple GNSS.
The RFI problem in GNSS is of special concern due
to the high number of existing GNSS-enabled applications.
One of these applications is GNSS-Reflectometry (GNSS-R),
a promising technique in the field of remote sensing, that
was first proposed in 1988 for scatterometry applications [6].
Later in 1993, GNSS-R was first suggested for mesoscale
ocean altimetry [7], and since then, this technique has been
used in the retrieval of many geophysical parameters such as
measuring sea surface state [8], sea surface salinity [9], soil
moisture [10], and ocean altimetry [11] among others.
GNSS-R devices receive simultaneously the signals trans-
mitted by multiple GNSS satellites that have been scattered
by the surface of interest. This configuration is known as
multistatic in radar theory [12]. There are two main GNSS-R
approaches [13]. The first is the so-called conventional GNSS-
R (cGNSS-R), in which the reflected signal is cross-correlated
with a locally generated replica of the transmitted one. Only
signals with open codes can be used in this approach (e.g.
GPS L1 C/A). The second one is the so-called interferometric
GNSS-R (iGNSS-R), in which the reflected signal is cross-
correlated with a signal captured directly from the satellite.
In this case, both open and restricted codes are used simul-
taneously in a specific band (e.g. C/A, C, P and M codes at
GPS L1 band). Figure 1 illustrates the scenario corresponding
to each approach. Regarding their resilience in front of RFI,
cGNSS-R is not immune to RFI due to the finite rejection
ratio of the spread-spectrum signal, whereas iGNSS-R is even
more prone to RFI, since an undesired signal captured by both
antennas will produce a non-zero cross-correlation.
The observable that contains all the information of GNSS-
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(a) (b)
Fig. 1: Illustrative diagram representing satellite, RFI and ther-
mal noise signals involved in the study of the SNR degradation
for a) cGNSS-R scenario, and b) iGNSS-R scenario.
R measurements is the so-called Delay-Doppler Map (DDM),
which shows how the scattering process over the surface
of interest spreads the energy of the transmitted signal in
the delay-Doppler space, and how this spreading changes in
time. The generally accepted model for incoherent GNSS-
R reflections, assuming fully diffuse scattering from rough
surfaces, and originally stated for sea-surface observations, is
the Zavorotny-Voronovich (Z-V) model [14]. The Z-V model
can be expressed in a simplified version as a two dimensional
convolution [15], and is equivalent to the so-called radar
mapping equation [12]. The model can be expressed as in
[16] as: 〈
|Y (ν, τ)|2
〉
= |χ(ν, τ)|2 ∗ ∗ Σ(ν, τ), (1)
where 〈|Y (ν, τ)|2〉 is the expected DDM, ν and τ are the
Doppler and delay variables respectively, the ∗∗ operator
indicates a two-dimensional convolution in ν and τ domains,
|χ(ν, τ)|2 is the Woodward’s Ambiguity Function (WAF) of
the navigation code, and Σ(ν, τ) accounts for the scattering
at the surface, propagation losses, antenna patterns, and the
rest of terms in the bistatic radar equation. Moreover, if the
reflection process is coherent because it takes place over
a planar surface (e.g. calm water, ice floes, or flat lands),
the measured DDM will be an attenuated version of the
signal WAF. Furthermore, any combination of coherent and
incoherent reflection will led to a DDM that can be expressed
as an attenuated and distorted version of the signal WAF.
The WAF is the squared modulus of the ambiguity function
first proposed in [17], and it was introduced in radar theory
[18] as the appropriate function to evaluate the degree of
ambiguity in the measurements when the number of radar
echoes is sufficiently large. This approach is translated in a
non-coherent detection process after the cross-correlation as
used in most of GNSS receivers [19] in order to increase
the SNR, and necessary in GNSS-R applications due to the
effect of speckle noise introduced in the scattering process
[12], which is caused by the addition of a large number of
random phased scatterers over the surface of interest.
According to the experiments carried out in [2], the effect
of RFI signals in cGNSS-R is translated into an equivalent
rise of the noise floor, and thus, into a desensitization of the
receiver. However, these effects have not been studied in depth
to the best of authors’ knowledge. This work aims at providing
a general model that accounts for the effects of RFI signals in
GNSS-R instruments operating with CDMA spread-spectrum
GNSS signals, including intra- and inter-GNSS interference
and other external RFI signals.
The results derived along this work are completely general,
so they can be applied to any GNSS-R scenario using the
proper geometry parameters. However, for the sake of clarity,
these results are illustrated using specific cases that take into
account no spatial filtering (isotropic antennas), perfect specu-
lar reflection (no scattering), and equal received power for all
satellites (same transmission power, propagation attenuation,
and surface reflectivity).
The outline of this paper is as follows. In Section II, the
general model of SNR degradation is developed for both
cGNSS-R and iGNSS-R techniques. In Section III and Sec-
tion IV, the particular effects on the SNR of cross-correlation
between GNSS signals, and external RFI signals, respectively,
are described in detail. The main conclusions of this paper are
stated in Section V.
II. GENERAL SNR MODEL FOR GNSS-R
A. Signal model and detection
After the scattering process, GNSS-R signals are collected
by the instrument antennas, conditioned by the front-end stage
with bandwidth Br, and finally delivered to the processing
stage. The complex base-band signal at this stage can be
expressed as the addition of three terms:
yr(t) = sr(t)+ ir(t)+nr(t) =
L−1∑
l=0
srl(t)+ ir(t)+nr(t) (2)
where the subscript r stands for “reflected” signals, L is the
number of “in-view” GNSS signals, srl corresponds to the lth
signal, ir is the aggregate of RFI signals, and nr is band-
limited thermal noise (see Fig. 1a).
GNSS signals are detected after the delay-Doppler corre-
lator or “matched filter” that performs the spread-spectrum
demodulation [19]. In cGNSS-R, the signal after the correlator
for a particular kth tracked signal (e.g., GPS L1 C/A, Galileo
E5, Beidou B2) is obtained as:
χyrck(ν, τ) =
1
Tc
∫
Tc
yr(t) c
∗
k(t− τ) e−j2piνt dt, (3)
where yr(t) is the received complex base-band signal defined
in (2); ck ∈ C is the clean replica of the kth navigation code,
assumed known, deterministic and with normalized power
within the bandwidth Br; ν and τ are the Doppler and
delay variables respectively; and Tc is known as the coherent
integration time.
As aforementioned, the detection process in GNSS-R must
be non-coherent as in radar systems, so that the new observable
after the detector becomes the expected power expressed as:
|χ|2yrck (ν, τ) = E
{
|χyrck(ν, τ)|2
}
. (4)
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The expected operator E {·} is introduced since the signal yr
is a random process. Furthermore, it is often replaced by the
average operator 〈·〉 as an unbiased estimator of the expected
value, and usually referred as incoherent averaging [14]. In
this work, |χ|2yrck is introduced as the Cross-WAF (CWAF)
between yr and ck analogously to the definition of the (Auto-)
WAF for random processes in radar theory [18]. Then, |χ|2yrck
turns to be equal to the measured DDM for the kth satellite
signal using the cGNSS-R approach, and equivalent to the
expected DDM 〈|Y (ν, τ)|2〉 defined in [14]. In other words,
the CWAF is the mathematical operation used to compute the
measured DDM.
In iGNSS-R, the clean replica of the code ck is replaced
by the signal acquired directly from the “in-view” satellites
defined as
yd(t) = sd(t)+id(t)+nd(t) =
L−1∑
l=0
sdl(t)+id(t)+nd(t), (5)
where the subscript d stands for “direct” signals (see Fig. 1b),
and it is analogous to (2). Therefore, the output of the
correlator becomes χyryd(ν, τ), and the DDM in iGNSS-R can
be defined as |χ|2yryd (ν, τ). Furthermore, signal yd is treated as
a unit-less signal since it becomes the impulse response of the
“matched” filter, and its power represents a non-dimensional
scale factor in the iGNSS-R DDM.
B. DDM decomposition
In order to study the contribution of RFI signals to the
measured DDM, the CWAF is decomposed into the terms
corresponding to each signal in (2). Assuming that sr, ir, and
nr have zero mean and are statistically independent from each
other, |χ|2yrck (ν, τ) can be expressed, using the Sussman’s
Formula [20], as follows (see proof in Appendix A):
|χ|2yrck (ν, τ) = |χ|
2
sr,kck
(ν, τ)+
L−1∑
l≥0
l 6=k
|χ|2sr,lck+|χ|
2
irck
+|χ|2nrck ,
(6)
where the first term corresponds to the useful tracked signal
DDM, the second one is the cross-sat term, the third one is
the RFI term, and the last one is the thermal noise term. Fig-
ure 2 depicts an hypothetical example of DDM decomposition
showing each one of the terms corresponding to a cGNSS-R
DDM using GPS L1 C/A with Br = 2.046 MHz.
The CWAF between the reflected signal of the kth tracked
satellite, srk , and its clean replica, crk , |χ|2sr,kck (ν, τ), is
coined as tracked or useful signal DDM in this work. The
tracked signal DDM contains all the information about the sur-
face of interest, and hence, the rest of the terms in (6) represent
undesired contributions which degrade the SNR. Besides, in
cGNSS-R, all of them are translated into a rise of a uniform
power floor as it can be appreciated in Fig. 2. Among them, the
cross-sat term include all intra- and inter-GNSS interference
whereas the RFI term represents the additive contribution of
external RFI signals to the received DDM. Both terms will be
analyzed in detail in next sections. Eventually, assuming that
the thermal noise after the front-end is a complex Gaussian
(a) (b)
(c) (d)
(e)
Fig. 2: Sample decomposition of a cGNSS-R DDM. The
following conditions have been assumed: GPS L1 C/A code,
perfect specular reflection (no scattering), Br = 2.046 MHz,
Tc = 1 ms, and equal unitary received power for all signals.
Each subfigure corresponds to (a) the received DDM obtained
from (6), (b) the tracked signal DDM, (c) the cross-sat term
(for 10 “in-view” additional satellites: 5 GPS L1 + 5 Galileo
E1), (d) the RFI term (jammer chirp RFI), and (e) the noise
term.
stochastic process, with flat Power Spectral Density (PSD)
within Br, and equal to N0r , the noise term in cGNSS-R can
be approximated as:
|χ|2nrck =
N0r
Tc
∫ ν+Br/2
ν−Br/2
Sck(f) df '
N0r
Tc
, (7)
where Sck(f) is the PSD function of ck, and it has been
considered that the range of the variations of ν is very small
as compared to Br.
On the other hand, the DDM in iGNSS-R can be obtained
from |χ|2yryd (ν, τ). Taking into account the same assumptions
as in cGNSS-R, and that sd, id, and nd are statistically
independent between them, the iGNSS-R DDM can be ex-
pressed as in (8) (see proof in Appendix B), where each
term represents from left to right: the useful tracked signal
DDM as in (6) but for a GNSS composite signal, the cross-
talk term, the cross-sat term, the RFI term, and the last three
ones are the interferometric thermal noise terms (i.e. |χ|2noise).
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|χ|2yryd (ν, τ) = |χ|
2
sr,ksd,k
(ν, τ) + |χ|2cross-talk + |χ|2cross-sat + |χ|2RFI (ν, τ) +
(
|χ|2nrsd,k + |χ|
2
sr,knd
+ |χ|2nrnd
)
, (8)
(a) (b)
(c) (d)
(e) (f)
Fig. 3: Sample decomposition of a iGNSS-R DDM. The
following conditions have been assumed: GPS composite L1
(C/A, C, P(Y) and M codes), perfect specular reflection (no
scattering), Br = 30.69 MHz, Tc = 1 ms, and equal unitary
received power for all signals. Each subfigure corresponds to
(a) the received DDM, obtained from (8), (b) the tracked signal
DDM, (c) the cross-talk term (for 10 “in-view” additional
satellites: 5 GPS L1 + 5 Galileo E1), (d) the cross-sat term,
(e) the RFI term (jammer chirp RFI), and (f) the noise terms.
Besides, in iGNSS-R, the subscript k is used to indicate all
those codes that belong to a GNSS composite signal received
from a particular satellite (e.g.; GPS L2 composed by C, P(Y),
and M codes; Galileo E6 composed by CS, and PRS codes;
Beidou B3 with a single code), whereas, in cGNSS-R, the
subscript k refers to the particular clean code replica used in
the delay-Doppler correlator (e.g GPS L1 C/A).
An example showing each one of the terms corresponding
to an iGNSS-R DDM, using GPS composite L1 signal with Br
= 30.69 MHz, is depicted in Fig. 3. Note that the comparison
between Figures 2 and 3 is not direct since the assumed front-
end bandwidth Br differs in each case.
In (8), the cross-talk term appears as an exclusive effect of
the iGNSS-R technique. Cross-talk is composed by the DDMs
corresponding to the “in-view” non-tracked satellite signals,
and it can have an overwhelming effect on the SNR (much
higher than cross-sat), if it overlaps the tracked signal DDM.
The overlapping between DDMs depends on the relative
position and velocity between the satellites and the receiver,
on the WAF of the involved signals, and on the surface of
reflection. A detailed study of cross-talk effect is beyond the
scope of this paper (see [21]).
Moreover, interferometric cross-sat and RFI terms are
equivalent to the ones in the cGNSS-R case. Eventually,
interferometric noise terms can be approximated as follows:
|χ|2noise '
N0r
Tc
Psd,k + Psr,k
N0d
Tc
+N0rN0d
Br
Tc
, (9)
where Tc is the coherent integration time, N0r and N0d are
the PSD of thermal noise after the respective front-end after
down-looking and up-looking antennas with equal bandwidth
Br, and considering the same approximation applied in (7).
This expression of the interferometric noise matches with the
one developed in [22].
C. SNR definition and degradation
The SNR is the figure of merit that has been chosen to
evaluate the impact of RFI on GNSS-R measurements, and it is
typically defined at the maximum of the tracked signal DDM.
In this paper, in order to maintain the whole information of the
DDM, a point-to-point relation will be considered, similarly to
the one used in [22]. Therefore, a general SNR definition for
GNSS-R measurements considering the kth tracked satellite
signal can be written as:
ρk(ν, τ) =
|χ|2kth-sat (ν, τ)
|χ|2cross-talk (ν, τ) + |χ|2cross-sat + |χ|2RFI (ν, τ) + |χ|2noise
,
(10)
with every undesired term in the denominator defined accord-
ing to the involved technique, and evaluated in the correspond-
ing delay-Doppler point (ν, τ). Two examples of ρk(ν, τ) are
shown in Fig. 4 taking the values obtained from each one of
the simulations performed in Fig. 2 and Fig. 3 for cGNSS-R
and iGNSS-R respectively.
Finally, the SNR degradation as a function of the undesired
terms is defined with respect to the thermal SNR (i.e. ρkthermal ).
The latter is the quotient between the useful signal and the
corresponding thermal noise. Then, the SNR can also be
expressed in the following way:
ρk(ν, τ) = ρkthermal(ν, τ) ∆k(ν, τ), (11)
where ∆k represents SNR degradation corresponding to the
combined effect of cross-talk, cross-sat and RFI terms. Fur-
thermore, SNR degradation introduced by cross-sat and RFI
terms are further studied in subsequent sections.
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(a) (b)
Fig. 4: Point-to-point SNR in the delay-Doppler plane obtained
from (10). Each subfigure corresponds to: (a) cGNSS-R tech-
nique taking the terms depicted in Fig. 2, and (b) iGNSS-R
technique according to the terms in Fig. 3.
III. CROSS-SAT SNR DEGRADATION
The cross-sat effect appears when one or more GNSS
signals, apart from the one that is used to perform the GNSS-R
measurements, are captured by the instrument antennas, and
they are not completely rejected by the front-end. So that,
it represents the contribution of all the cross-correlations
between these satellite signals that share the same band of
operation, or at least their PSD are partially overlapped.
Moreover, cross-sat determines the level of intra- and inter-
GNSS interference that is fixed by design, and it is evaluated
with the SSC parameter, first used in [4]. The SSC between
two signals x and y is defined as:
κxy(ν) =
∫
Br
Sx(f)Sy(f − ν) df = Sx(ν) ∗ Sy(ν), (12)
where Br is the bandwidth of the receiver, and Sx and Sy
are the normalized PSD of x and y respectively. The SSC is
measured in dB/Hz, and it reveals the rejection or attenuation
per unit of bandwidth, suffered by other GNSS signals rather
than the one under correlation.
As stated previously, GNSS codes have been designed for
navigation purposes, and, considering that GNSS-R takes an
advantage of the properties of these signals in an opportunistic
way, it seems reasonable to study how much this overlapping
affects to GNSS-R measurements, and in particular, to the
SNR. Furthermore, cross-talk effect also takes place under the
same conditions for the iGNSS-R technique, and its impact on
the SNR may be even worse. Thus, the following evaluation
will be considered valid if cross-talk effect is not present.
A. SSC values
The magnitude of the cross-sat degradation depends on
the addition of the residual power of the undesired GNSS
signals at the output of the front-end, Psr,l , weighted by the
SSC between each the received code and the tracked one.
According to the definition, the SSC depends on the Doppler
of the receiver, however, the dependence can be neglected
since the Doppler variations are much smaller as compared
to Br. Then, SSC is taken as constant with ν, similarly to
the approximation applied with the noise term. SSC values
between the main GNSS codes are shown in Table I for upper
L-band (1559-1610 MHz), and in Table II for lower L-band
(1164-1300 MHz). These values have been obtained using
(12), and taking Br equal to the main lobe bandwidth as in
[23].
Since cross-sat degradation is highly dependent on the
scenario: number, type, position, velocity, and emitted power
of satellites; signal attenuation and scattering at the reflec-
tion surface; and antennas and front-end of the receiver; an
assessment of the SNR degradation induced by the cross-sat
phenomenon must be performed in each particular case. For
the sake of simplicity, a general case is discussed for cGNSS-R
and iGNSS-R in the following subsections.
B. Cross-sat in cGNSS-R
The cross-sat term in cGNSS-R can be expressed as (see
proof in Appendix C):
L−1∑
l≥0
l 6=k
|χ|2sr,lck '
1
Tc
L−1∑
l≥0
l 6=k
Psr,l κsr,lck , (13)
and the SNR degradation when only this term is present as:
∆kcross-sat '
(
1 +
∑L−1
l 6=k Psr,l κsr,lck
N0r
)−1
. (14)
An example of SNR degradation induced by cross-sat effect
in cGNSS-R is depicted in Fig. 5. GNSS satellites from the
same constellation have antenna patterns shaped to produce
nearly constant power density at surface level regardless of
satellite elevation. Transmitted power is also monitored and
kept constant with a limited margin However, small differences
are expected due to aging. For the sake of simplicity, equal
received power after the front-end for all interfering satellites
has been assumed, as well as the different transmitted power
for different codes. Nevertheless, the received power from each
satellite is not a priori known, but a minimum received power
for each service is guaranteed (see Table I and II). Given
this, the assumption of equal received power (and isotropic
antennas) allows to calculate approximate values of the impact
of cross-sat signals on the SNR. Further results about cross-
sat effect in GNSS-R must include particular geometry and
antenna pattern case by case.
According to results depicted in Fig. 5, ∆kcross-sat may
represent a degradation of several dB in case a non-directive
antenna is used. However, highly directive antennas, of the
order of 30 dB, can reduce the cross-sat effect to smaller
values, although the effect produced by non-used codes from
the tracked satellite will still remain.
C. Cross-sat in iGNSS-R
The cross-sat term in iGNSS-R can be expressed as:
(15)
|χ|2cross-sat '
L−1∑
l≥0
l 6=k
(
1
Tc
Psr,l
L−1∑
k=0
Psd,k κsr,lsd,k +
+
N0r
Tc
Psd,l + Psr,l
N0d
Tc
)
,
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TABLE I: SSC values between main codes at upper GNSS band obtained from (12) in dB/Hz. SSC values depend on which
is the GNSS-R receiver bandwidth Br, the spectrum of tracked GNSS signal used in cross-correlation, the spectrum of the
cross-sat signals, and the bandwidth where they are transmitted in, Bt. Infinite negative values indicate no overlapping between
GNSS signal spectra. In addition, the last row shows additional information about minimum received power for each GNSS
service.
SSC [dB/Hz] Crossed GPS Galileo Beidou
Upper Band Bt[MHz] 30.69 25.552 40.92 16.00
Tracked Br[MHz]
HHHH
L1CA L1C L1P L1M E1OS E1PRS B1
GPS
2.046 L1CA -61.81 -68.28 -70.21 -92.41 -68.26 -124.50 -∞
14.322 L1C -68.16 -65.46 -70.44 -82.94 -65.44 -103.74 -106.37
20.46 L1P -69.90 -70.43 -71.25 -79.97 -70.41 -101.47 -101.48
30.69 L1M -87.06 -81.86 -79.79 -71.55 -81.86 -86.72 -82.10
Galileo 14.322 E1OS -68.13 -65.44 -70.42 -82.93 -65.42 -103.73 -106.36
35.805 E1PRS -99.08 -94.24 -86.44 -86.72 -101.15 -68.45 -69.98
Beidou 4.092 B1 -99.47 -95.63 -86.94 -87.49 -120.39 -73.02 -70.68
Minimum Received Power [dBW] -161.5 -160.0 -164.5 -160.0 -157.0 -157.0 -157.0
TABLE II: SSC between main codes at lower GNSS band. The structure is equivalent to that presented in Table I.
SSC [dB/Hz] Crossed GPS Galileo Beidou GLONASS
Lower Band Bt[MHz] 30.69 24.00 51.15 40.92 36.00 20.46
Tracked Br[MHz]
HHHH
L2C L2P L2M L5 E5 E6CS E6PRS B2OS B2AS B3 L3OC
GPS
2.046 L2C -61.81 -70.21 -92.41 -∞ -∞ -∞ -∞ -∞ -∞ -∞ -∞
20.46 L2P -69.90 -71.25 -79.97 -∞ -∞ -∞ -∞ -99.58 -90.79 -∞ -∞
30.69 L2M -87.06 -79.79 -71.55 -∞ -95.73 -∞ -∞ -93.40 -89.57 -∞ -∞
20.46 L5 -∞ -∞ -∞ -71.00 -74.17 -∞ -∞ -∞ -∞ -∞ -∞
Galileo
51.15 E5 -110.38 -98.14 -95.73 -74.17 -74.30 -∞ -∞ -73.12 -74.35 -∞ -76.18
10.23 E6CS -∞ -∞ -∞ -∞ -∞ -68.63 -96.56 -∞ -∞ -85.82 -∞
30.69 E6PRS -∞ -∞ -∞ -∞ -∞ -85.88 -71.34 -∞ -∞ -73.48 -∞
Beidou
4.092 B2OS -∞ -∞ -∞ -∞ -73.33 -∞ -∞ -64.78 -70.32 -∞ -73.93
20.46 B2AS -107.43 -95.18 -92.84 -∞ -74.36 -∞ -∞ -70.11 -71.40 -∞ -73.36
20.46 B3 -∞ -∞ -∞ -∞ -∞ -83.39 -73.45 -∞ -∞ -71.40 -∞
GLONASS 20.46 L3OC -∞ -∞ -∞ -∞ -76.18 -∞ -∞ -73.53 -73.35 -∞ -70.98
Minimum Received Power [dBW] -161.5 -164.5 -160.0 -157.0 -152.0 -155.0 -155.0 -163.0 -163.0 -160.0 -
according to Appendices B and C. In this case, the corre-
sponding cross-correlations between nr and sdl , and between
srl and nd, must be considered in addition to the combination
between all non-tracked codes. The degradation ∆kcross-sat is
defined analogously to the previous case. Besides, SSC values
in Tables I and II must be recalculated using Br equal to the
composite signal bandwidth in each case.
Figure 6 illustrates the same example of Fig. 5, but con-
sidering the iGNSS-R technique. SNR degradation levels in
iGNSS-R are similar to the ones seen in cGNSS-R except in
GPS composite L1 which are substantially worse as compared
to L1 C/A. This is mainly given by the difference in receiver
bandwidth Br used in each case. In cGNSS-R using GPS L1
C/A, Br = 2.046 MHz, whereas Br = 30.69 MHz in iGNSS-R
with GPS L1 band. Larger bandwidth implies more cross-sat
power is received. In addition, when comparing the iGNSS-R
cross-sat degradation in L1/E1 band with L5/E5 band, L1/E1
band is worse because it is more “crowded” than L5/E5 band.
iGNSS-R L1 has slightly better performance than E1 because
receiver bandwidth is also slightly smaller (30.69 MHz vs
35.805 MHz). The same happens when comparing L5 and
E5 (20.46 MHz vs 51.315 MHz).
IV. RFI SNR DEGRADATION
RFI signals, other than interfering GNSS codes, can degrade
or totally disrupt the performance of GNSS-R devices. The
degradation of the SNR produced by RFI signals have also
been studied in GNSS using the SSC, and the level of
interference is highly dependent on the kind of RFI present.
However, the approach followed in the state of the art is only
limited to stationary RFI signals.
A. Generalized SSC
In order to evaluate the impact of any RFI (stationary or
non-stationary) in GNSS-R DDMs, an extension of the SSC
concept named Generalized SSC (GSSC) is introduced in this
work. The GSSC between two signals x and y after the front-
end is defined as:
γxy(ν, τ) =
1
Tc
∫
Br
∫
Tc
Wx(t, f)Wy(t−τ, f−ν) dt df, (16)
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(a) (b)
(c) (d)
Fig. 5: Sample SNR degradation induced by cross-sat effect
in cGNSS-R, and obtained from (13) and (14). The following
assumptions are considered: equal received power after the
front-end for all satellites, isotropic antennas, and SSC values
and minimum received power stated in Tables I and II. Each
subfigure corresponds to cGNSS-R using (a) GPS L1 C/A,
(b) Galileo E1 OS, (c) GPS L5, and (d) Galileo E5. The total
Cross-Sat-to-Noise ratio refers to the sum of power received
from all interfering GPS and Galileo satellites, divided by the
thermal noise power with N0r = -204 dBW/Hz.
where Wx and Wy are the normalized Wigner-Ville Spectrum
(WVS) [24], or non-stationary spectrum, of x and y respec-
tively. The WVS is used instead of the PSD defined only for
stationary random processes, and its use accounts for the non-
stationary nature of RFI, whose spectrum may change over
the time.
B. RFI in cGNSS-R
In cGNSS-R, the RFI term can be expressed using the GSSC
as follows (see proof in Appendix C):
|χ|2irck '
1
Tc
Pir γirck , (17)
where Pir is the RFI power at the reflected antenna, Tc is
the coherent integration time, and γirck is the GSSC, obtained
from (16), between the RFI at the reflected antenna ir and
the clean code replica ck. γirck has been approximated as a
constant taking into account the same assumptions as for the
SSC case. Moreover, the SNR degradation when this is the
dominant term is:
∆kRFI '
(
1 +
Pir γirck
N0r
)−1
. (18)
In order to validate this model, a commercial chirp jammer that
emits a 15 MHz frequency modulated signal centered at L1
band has been used. Figure 7 shows a comparison between the
theoretical SNR degradation obtained using (18), and the one
(a) (b)
(c) (d)
Fig. 6: Sample SNR degradation induced by cross-sat effect
in iGNSS-R, and obtained from (15) and (14). The following
assumptions are considered: equal received power after the
front-end for all satellites, isotropic antennas, and SSC values
and minimum received power stated in Tables I and II. Each
subfigure corresponds to iGNSS-R using (a) GPS composite
L1 (C/A, C, P(Y), and M codes), (b) Galileo composite E1
(OS and PRS codes), (c) GPS L5, and (d) Galileo E5. The total
Cross-Sat-to-Noise ratio refers to the sum of power received
from all interfering GPS and Galileo satellites, divided by the
interferometric noise power with N0r = N0d = -204 dBW/Hz.
measured at the laboratory using the jammer with three com-
mercial GPS L1 C/A receivers. Theoretical SNR degradation
predicted by the model shows that from 25 dB of Interference-
to-Noise Ratio (INR) on, SNR degradation changes has -10
dB per decade. Comparing this with the curves obtained from
the three GPS receivers, they show a trend similar to the
theoretical degradation, but their results are between 5 and 15
dB better, mainly because they incorporate some mitigation
techniques. Furthermore, the improved performance using a
custom RFI mitigation system, described in [25], also shows
the same trend, but the resilience against the RFI signal has
been increased 30 dB more. This result is twice valuable. On
the one hand, the theoretical model has been validated with
real measurements obtained from commercial systems. On the
other hand, it demonstrates that mitigation techniques are the
solution to reduce the impact of external RFI signals in GNSS-
R measurements.
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Fig. 7: Sample SNR degradation induced by RFI effect in
cGNSS-R. The simulated RFI signal is a 15 MHz sweep chirp
jammer cross-correlated with GPS L1 C/A code. Theoretical
result is compared to real measurements obtained from several
commercial GPS receivers with and without a custom RFI
mitigation system implemented at UPC-BarcelonaTech [25].
C. RFI in iGNSS-R
In iGNSS-R, the RFI term can be expressed as follows (see
Appendices B and C):
|χ|2RFI (ν, τ)'
1
Tc
(
L−1∑
l=0
Psr,lPid γsr,lid +
L−1∑
l=0
PirPsd,l γirsd,l
+ PirPid γirid(ν, τ) + Pir
N0d
Tc
γirnd
+
N0r
Tc
Pid γnrid
)
,
(19)
and the SNR degradation can be defined in an analogous way
to the cGNSS-R case. In iGNSS-R, four sub-terms contribute
constantly to the SNR degradation whereas there is only one
that depends on ν and τ . γirid(ν, τ) corresponds to the cross-
correlation between RFI signals captured by both direct and
reflected antennas, and it can reach magnitudes much higher
than the useful signal, even if high directive antennas are used.
In order to illustrate the effects of RFI signals in iGNSS-
R, GSSC values in (19) are depicted in Fig. 8 for the case
of a DME RFI signal interfering GPS L5 and Galileo E5
iGNSS-R measurements. It can be appreciated that the GSSC
terms γsr,lid , γirsd,l , γirnd , and γnrid are of the order of the
SSC values obtained in Section III for cross-sat terms, but
they may depend on the DME frequency channel. However, if
the received RFI power represented by Pid and Pir is much
higher than the received noise and satellite signal power, the
effect of RFI SNR degradation will be worse than in the
cross-sat case. Moreover, the GSSC corresponding to a cross-
correlation between direct and reflected DME signals, γirid ,
is concentrated in few delay lags rather that spread over the
whole delay-Doppler space. This fact implies that the SNR
degradation around this peak will be much higher as compared
to other terms. Further information about the impact of DME
signals on iGNSS-R measurements can be found in [26].
(a) (b)
Fig. 8: Sample GSSC values obtained using (16). This example
considers an iGNSS-R instrument interfered with a DME RFI
signal. DME spectrum is overlapped with GPS L5 and Galileo
E5 spectra. Each subfigure corresponds to (a) the GSSC values
for crossed combinations DME to Noise, and DME to GNSS
signals, and (b) GSSC values for DME signals present at both
direct and reflected antennas.
(a) (b)
(c) (d)
Fig. 9: Sample GSSC values obtained using (16) considering
GPS L1 iGNSS-R with Br = 30.69 MHz under different RFI
signals. Each subfigure corresponds to: (a) a CW signal, (b)
a narrow-band chirp with Bchirp = 15 MHz and 10.24 µs
repetition period, (c) a wide-band chirp with Bchirp = 60 MHz
and 81.92 µs repetition period, and (d) a Pseudo-Random
Noise (PRN) signal with 25 MHz of bandwidth. Results are
shown for GPS L1 iGNSS-R with Br = 30.69 MHz.
As stated above, the GSSC between direct and reflected
signals in iGNSS-R may increase the SNR degradation con-
siderably. For the sake of completeness the GSSC values
corresponding to four typical RFI signal shapes [27] are
shown in Fig. 9. The chosen RFI signals are a sinusoidal
or Continuous Wave (CW) signal, a narrow-band chirp with
Bchirp = 15 MHz and 10.24 µs repetition period, a wide-band
chirp with Bchirp = 60 MHz and 81.92 µs repetition period,
and a Pseudo-Random Noise (PRN) signal with 25 MHz of
bandwidth. Results are shown for GPS L1 iGNSS-R with Br
= 30.69 MHz.
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Figure 9 depicts how RFI signals whose power is more
concentrated in frequency, such as CW and narrow-band chirp,
are more spread in the delay domain after the correlation
process. On the contrary, wide-band chirp and PRN RFI
signals are more concentrated in delay domain. This behavior
is explained taking into account that delay and frequency are
complementary domains [28]. Moreover, the behavior in the
Doppler domain will depend on the RFI signal shape itself.
CW, and in general narrow-band signals, are in principle
more troublesome for GNSS-R measurements since they are
more spread in the delay-Doppler space. Conversely, wide-
band signals will only degrade the SNR at particular delay
bins, but they can be fatal if the tracked signal DDM informa-
tion is also in these bins. Therefore, the probability of SNR
degradation will be higher for narrow-band signals than for
wide-band signals. However, mitigation techniques are more
effective for narrow-band than for than wide-ban signals.
V. CONCLUSIONS
RFI signals can overwhelm the performance of GNSS-R
instruments as it was demonstrated in in the past (e.g. [2]). In
this paper, a model to evaluate the degradation of the SNR in
GNSS-R measurements has been proposed for both cGNSS-
R and iGNSS-R techniques, and it has been evaluated with a
general case for each technique.
Regarding cGNSS-R, the degradation of the thermal SNR
can be produced by either cross-sat effect, or external RFI
effect, or both. Moreover, they have a constant degradation
over the delay-Doppler space. The cross-sat effect may rep-
resent degradation of more than 10 dB considering several
satellites with all existing and forthcoming GNSS signals.
Nevertheless, the cross-sat effect can be neglected when using
highly directive antennas. In particular, antenna arrays with
beam-steering capabilities are able to track a specific satellite,
while they attenuate signals from the rest of them. On the
other hand, the external RFI effect may represent a corruption
of the measurements since it is known that they can disrupt
the performance of GNSS receivers. In this case, mitigation
techniques must be used in order to reduce the error produced
by the RFI effect [27].
The iGNSS-R technique has been proven to be much more
sensitive to RFI than cGNSS-R. Moreover, in this case, a
new phenomenon is introduced: the cross-talk effect that
may represent a total corruption of the measurements. Cross-
talk together with cross-sat effect may also be attenuated
with directive antennas. Finally, external RFI effect can have
a catastrophic effect in the measurements, even worse as
compared to cGNSS-R, if the interference is captured by both
antennas, reflected and direct. In this case, the use of highly
directive antennas can help to decorrelate the signals captured
by them. However, the RFI effect will still remain because of
the multiple residual cross-correlations between RFI signals
and thermal noise captured by both antennas. Therefore, miti-
gation techniques will be essential to improve the performance
of iGNSS-R instruments under RFI conditions.
A specific mention must be given to former GLONASS
which uses spread-spectrum signals with a single code com-
bined with Frequency Division Multiple Access (FDMA). Due
to the use of different frequencies for different satellites, cross-
talk and cross-sat effects will disappear in both cGNSS-R
and iGNSS-R techniques, even if non-directive antennas are
used. Nevertheless, external RFI signals are still troublesome.
With the conventional approach, if the RFI power is well
concentrated in frequency (for instance a CW RFI signal), the
SNR degradation could be much higher for some GLONASS
satellites (those where the RFI signal overlaps their respective
spectra), as compared to GPS or Galileo satellites. The op-
posite would occur if the RFI signal is wide-band. Moreover,
in the interferometric approach, SNR degradation would be
of similar order since the cross-correlated term between direct
and reflected signal does not depend on the used GNSS.
APPENDIX A
DERIVATION OF DDM DECOMPOSITION IN CGNSS-R
The CWAF has been defined as the operation needed to
calculate the measured DDM in GNSS-R, and, for two generic
signals x and y, it is computed as:
|χ|2xy (ν, τ) = E
{
|χxy(ν, τ)|2
}
. (20)
In the state of the art, the Sussman’s formula was introduced
in [20] as a general proof of several properties of ambiguity
functions such as the Siebert’s theorem [29] and the Stutt’s
invariant relation [30], and states that if a Cross-Ambiguity
Function (CAF) is defined as:
χxy(ν, τ) =
∫
x(t) y∗(t− τ) e−j2piνtdt, (21)
the following identity is fulfilled:
(22)
χxy(ν, τ)χ
∗
wz(ν, τ)
=
∫∫
χxw(ν
′, τ ′)χ∗yz(ν
′, τ ′) ej2pi(ν
′τ−ντ ′)dν′ dτ ′,
so that, the modulus squared of any CAF can be expressed as:
(23)
|χxy(ν, τ)|2
= χxy(ν, τ)χ
∗
xy(ν, τ)
=
∫∫
χxx(ν
′, τ ′)χ∗yy(ν
′, τ ′) ej2pi(ν
′τ−ντ ′)dν′ dτ ′.
This expression was derived for infinite coherent integration
time, however, this is always finite. In order to obtain an
expression equivalent to (23) for finite Tc, the equation defined
for the delay-Doppler correlator in (3) is modulus squared as
follows:
|χxy(ν, τ)|2 = χxy(ν, τ)χ∗xy(ν, τ)
=
[
1
Tc
∫
Tc
x(t1) y
∗(t1 − τ) e−j2piνt1dt1
]
[
1
Tc
∫
Tc
x(t2) y
∗(t2 − τ) e−j2piνt2dt2
]∗
=
∫∫
1
Tc
Π
(
t1
Tc
)
1
Tc
Π
(
t2
Tc
)
x(t1) y
∗(t1 − τ)
x∗(t2) y(t2 − τ) e−j2piν(t1−t2)dt1 dt2.
(24)
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Applying the change of variables t1 = t and t2 = t − τ ′
with dt1 dt2 = |J(t, τ ′)| dt dτ ′ = dt dτ ′ being J the Jacobian
matrix of the transformation, (24) yields:
|χxy(ν, τ)|2
=
∫∫
1
Tc
Π
(
t
Tc
)
x(t)x∗(t− τ ′)
1
Tc
Π
(
t− τ ′
Tc
)
y∗(t− τ) y(t− τ − τ ′) e−j2piντ ′dt dτ ′,
(25)
Then, using the inverse of the identities:
χ˜xx(ν
′, τ ′) =
∫
1
Tc
Π
(
t
Tc
)
x(t)x∗(t− τ ′) e−j2piν′t dt
= sinc(Tc ν′) ∗
ν′
χxx(ν
′, τ ′),
(26a)
and
χ˜yy(ν
′′, τ ′) =
∫
1
Tc
Π
(
t− τ ′
Tc
)
y∗(t− τ) y(t− τ − τ ′)
e−j2piν
′′(t−τ) dt
=
[
sinc(Tc ν′′) e−j2piν
′′(τ ′−τ)
]
∗
ν′′
χyy(ν
′′, τ ′),
(26b)
(25) can be expressed as:
|χxy(ν, τ)|2
=
∫∫ [∫
χ˜xx(ν
′, τ ′) ej2piν
′tdν′
]
[∫
χ˜yy(ν
′′, τ ′) ej2piν
′′(t−τ)dν′′
]∗
e−j2piντ
′
dt dτ ′
=
∫∫
χ˜xx(ν
′, τ ′)
∫
χ˜∗yy(ν
′′, τ ′)
[∫
e−j2pi(ν
′′−ν′)tdt
]
ej2piν
′′τe−j2piντ
′
dν′′ dν′ dτ ′
=
∫∫
χ˜xx(ν
′, τ ′)
∫
χ˜∗yy(ν
′′, τ ′) δ(ν′′ − ν′)
ej2pi(ν
′′τ−ντ ′)dν′′ dν′ dτ ′
=
∫∫
χ˜xx(ν
′, τ ′) χ˜∗yy(ν
′, τ ′) ej2pi(ν
′τ−ντ ′)dν′ dτ ′,
(27)
where χ˜xx and χ˜yy are windowed and delayed versions of χxx
and χyy respectively. Indeed, the last ones correspond to the
auto-correlation functions of the input signals using correlator
defined in (3) as was done in [18]. Therefore, if x and y are
already taken windowed by Tc and delayed by τ , χ˜xx = χxx,
χ˜yy = χyy , and (27) is equivalent to (23). Henceforth, this
last statement will be assumed.
Eventually, substituting (27) (or equivalent (23)) in (20),
and considering statistical independence between x and y, the
CWAF yields:
|χ|2xy (ν, τ)
= E
{
|χxy(ν, τ)|2
}
= E
{∫∫
χxx(ν
′, τ ′)χ∗yy(ν
′, τ ′) ej2pi(ν
′τ−ντ ′)dν′ dτ ′
}
=
∫∫
E {χxx(ν′, τ ′)}E
{
χ∗yy(ν
′, τ ′)
}
ej2pi(ν
′τ−ντ ′)dν′dτ ′
=
∫∫
Ax(ν
′, τ ′)A∗y(ν
′, τ ′) ej2pi(ν
′τ−ντ ′)dν′ dτ ′,
(28)
where Ax and Ay are the Expected Ambiguity Function (EAF)
of signals x and y respectively. This expression will be used
to prove the DDM decomposition for cGNSS-R stated in (6).
Therefore, using (28), the CWAF in (4) can be expressed
as a function of Ayr and Ack . Ack is the EAF of the tracked
code, whereas Ayr is the EAF of the received signal after the
front-end obtained from:
Ayr (ν, τ) =
1
Tc
∫
Tc
E {yr(t) y∗r (t− τ)} e−j2piνt dt. (29)
E {yr(t) y∗r (t− τ)} can be expanded using the terms of yr in
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(2) as follows:
E {yr(t) y∗r (t− τ)} = E
{[
L−1∑
l=0
srl(t) + ir(t) + nr(t)
]
[
L−1∑
l′=0
s∗rl′ (t− τ)+i∗r(t−τ)+n∗r(t−τ)
]}
=
L−1∑
l=0
E
{
srl(t)s
∗
rl
(t− τ)}
+
L−1∑
l≥0
l 6=l′
L−1∑
l′=0
E
{
srl(t)s
∗
rl′ (t− τ)
}
+
L−1∑
l=0
E {srl(t) i∗r(t− τ)}
+
L−1∑
l=0
E {srl(t)n∗r(t− τ)}
+
L−1∑
l′=0
E
{
ir(t)s
∗
rl′ (t− τ)
}
+ E {ir(t) i∗r(t− τ)}
+ E {ir(t)n∗r(t− τ)}
+
L−1∑
l′=0
E
{
nr(t) s
∗
rl′ (t− τ)
}
+ E {nr(t) i∗r(t− τ)}
+ E {nr(t)n∗r(t− τ)}
=
L−1∑
l=0
E
{
srl(t)s
∗
rl
(t− τ)}
+ E {ir(t) i∗r(t− τ)}
+ E {nr(t)n∗r(t− τ)} ,
(30)
assuming that sr, ir and nr are statistically independent
between them, that E
{
srl(t)s
∗
rl′ (t− τ)
}
= 0 because of code
orthogonality, and that E {ir(t)} = E {nr(t)} = 0, without
loss of generality. Then, (29) can be expressed as:
Ayr (ν, τ) =
L−1∑
l=0
Asr,l(ν, τ) +Air (ν, τ) +Anr (ν, τ), (31)
and, eventually, the DDM decomposition stated in (6) is
obtained by substituting (31) in (28) yielding:
(32)
|χ|2yrck (ν, τ) =
L−1∑
l=0
|χ|2sr,lck (ν, τ)
+ |χ|2irck (ν, τ) + |χ|
2
nrck
(ν, τ)
= |χ|2sr,kck (ν, τ) +
L−1∑
l≥0
l 6=k
|χ|2sr,lck
+ |χ|2irck + |χ|
2
nrck
,
where the dependence with ν and τ in the last terms has been
omitted since it does not apply. This result may be derived
intuitively taking into account the statistical independence
between the additive terms of the input signal.
APPENDIX B
DERIVATION OF DDM DECOMPOSITION IN IGNSS-R
The derivation of the DDM in the case of iGNSS-R can be
obtained from expressions in Appendix A. First, using (28),
the CWAF can be expressed as:
(33)
|χ|2yryd (ν, τ)
= E
{
|χyryd(ν, τ)|2
}
=
∫∫
Ayr (ν
′, τ ′)A∗yd(ν
′, τ ′) ej2pi(ν
′τ−ντ ′)dν′ dτ ′,
since yr and yd are assumed statistically independent. Besides,
the EAF of yd can be written as:
Ayd(ν, τ) =
L−1∑
l′=0
Asd,l′ (ν, τ) +Aid(ν, τ) +And(ν, τ), (34)
considering the same assumptions and derivations taken in
(29), (30), and (31), but for the direct received signals in (5).
Eventually, substituting (31) and (34) in (33), the interfero-
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metric CWAF yields:
(35)|χ|2yryd (ν, τ)
=
∫∫ [L−1∑
l=0
Asr,l(ν
′,τ ′) +Air (ν
′,τ ′) +Anr (ν
′,τ ′)
]
[
L−1∑
l′=0
A∗sd,l′ (ν
′,τ ′)+A∗id(ν
′,τ ′)+A∗nd(ν
′,τ ′)
]
ej2pi(ν
′τ−ντ ′)dν′dτ ′
=
∫∫ [ L−1∑
l=0
L−1∑
l′=0
Asr,l(ν
′,τ ′)A∗sd,l′ (ν
′,τ ′)
+
L−1∑
l=0
Asr,l(ν
′,τ ′)A∗id(ν
′,τ ′)
+
L−1∑
l=0
Asr,l(ν
′,τ ′)A∗nd(ν
′,τ ′)
+Air (ν
′,τ ′)
L−1∑
l′=0
A∗sd,l′ (ν
′,τ ′)
+Air (ν
′,τ ′)A∗id(ν
′,τ ′) +Air (ν
′,τ ′)A∗nd(ν
′,τ ′)
+Anr (ν
′,τ ′)
L−1∑
l′=0
A∗sd,l′ (ν
′,τ ′)+Anr (ν
′,τ ′)A∗id(ν
′,τ ′)
+Anr (ν
′,τ ′)A∗nd(ν
′,τ ′)
]
ej2pi(ν
′τ−ντ ′)dν′ dτ ′
=
L−1∑
l=0
L−1∑
l′=0
|χ|2sr,lsd,l′ (ν, τ) +
L−1∑
l=0
|χ|2sr,lid (ν, τ)
+
L−1∑
l=0
|χ|2sr,lnd (ν, τ) +
L−1∑
l=0
|χ|2irsd,l (ν, τ)
+ |χ|2irid (ν, τ) + |χ|
2
irnd
(ν, τ) +
L−1∑
l=0
|χ|2nrsd,l (ν, τ)
+ |χ|2nrid (ν, τ) + |χ|
2
nrnd
(ν, τ).
The last formula can be simplified in order to obtain the
following expression for DDM decomposition for the kth
composite satellite signal using iGNSS-R:
(36a)
|χ|2yryd (ν, τ) = |χ|
2
sr,ksd,k
(ν, τ) + |χ|2cross-talk (ν, τ)
+ |χ|2cross-sat (ν, τ)
+ |χ|2RFI (ν, τ) + |χ|2noise (ν, τ),
where the last four terms are defined as follows:
|χ|2cross-talk (ν, τ) =
L−1∑
l≥0
l 6=k
|χ|2sr,lsd,l (ν, τ), (36b)
|χ|2cross-sat (ν, τ) =
L−1∑
l≥0
l 6=l′
L−1∑
l′=0
|χ|2sr,lsd,l′ (ν, τ)
+
L−1∑
l≥0
l 6=k
|χ|2sr,lnd (ν, τ) +
L−1∑
l≥0
l 6=k
|χ|2nrsd,l (ν, τ),
(36c)
|χ|2RFI (ν, τ) =
L−1∑
l=0
|χ|2sr,lid (ν, τ) +
L−1∑
l=0
|χ|2irsd,l (ν, τ)
+ |χ|2irid (ν, τ) + |χ|
2
irnd
(ν, τ) + |χ|2nrid (ν, τ),
(36d)
and
|χ|2noise (ν, τ) = |χ|2sr,knd (ν, τ)+|χ|
2
nrsd,k
(ν, τ)+|χ|2nrnd (ν, τ).
(36e)
Eventually, (8) has been obtained from the combination of
(36a) and (36e), and omitting the dependence with ν and τ in
the terms that it does not apply.
APPENDIX C
DERIVATION OF THE GSSC AND REDUCTION TO SSC
A CWAF, and particularly the result obtained in (27), can
be expressed in an alternative way as a function of the WVS
of each one of the involved signals, which are the Fourier
transform of the their respective EAF, which are related as
follows [28]:
Ax(ν, τ) =
1
Tc
∫∫
Tc
Wx(t, f) e
−j2pi(νt−fτ) dt df, (37)
with the WVS defined as:
Wx(t, f) =
∫
E {x(t)x∗(t− τ)} e−j2pifτ dτ, (38)
taking into account the time window Tc as in Appendix A.
Then, substituting (37) into (28), |χ|2xy can also be written as:
(39)|χ|2xy (ν, τ)
=
∫∫ [
1
Tc
∫∫
Tc
Wx(t, f) e
−j2pi(ν′t−fτ ′)dt df
]
[
1
Tc
∫∫
Tc
Wy(t
′, f ′) e−j2pi(ν
′t′−f ′τ ′)dt′ df ′
]∗
ej2pi(ν
′τ−ντ ′)dν′ dτ ′
=
1
T 2c
∫∫
Tc
Wx(t, f)
∫∫
Tc
Wy(t
′, f ′)
[∫
ej2piν
′(t′−t+τ)dν′
]
[∫
e−j2pi(f
′−f+ν)τ ′dτ ′
]
dt′ df ′ dt df
=
1
T 2c
∫∫
Tc
Wx(t, f)
∫∫
Tc
Wy(t
′, f ′) δ(t′ − t+ τ)
δ(f ′ − f + ν) dt′ df ′ dt df
=
1
T 2c
∫∫
Tc
Wx(t, f)Wy(t− τ, f − ν) dt df
=
1
T 2c
Wx(τ, ν) ∗ ∗Wy(τ, ν),
where the reality and commutative properties of the WVS have
been applied [28]. This result resembles the definition of the
SSC in [31], but in this case, it involves the convolution of non-
stationary spectrum functions. For this reason, a more general
figure of merit is defined in this paper, which is the GSSC.
The GSSC between two generic signals x and y is defined as:
γxy(ν, τ) =
1
Tc
Wx(τ, ν) ∗ ∗Wy(τ, ν), (40)
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where Wx and Wy have been normalized dividing by their
respective power Px and Py , in analogy to the classical SSC.
Therefore, using (40), (39) yields:
|χ|2xy (ν, τ) =
1
Tc
Px Py γxy(ν, τ). (41)
The use of the WVS accounts for non-stationary random
processes, whose spectra may change over time. However, if
the random process x is stationary (i.e. its statistical moments
are constant over time), or at least quasi-stationary (i.e. its
statistical moments are constant over a fraction of time Tc),
the WVS becomes the stationary PSD [24]:
Wx(t, f) = Sx(f), (42)
and, in this case, the GSSC yields:
(43)
γxy(ν, τ) =
1
Tc
Wx(τ, ν) ∗ ∗Wy(τ, ν)
=
1
Tc
∫∫
Tc
Wx(t, f)Wy(t− τ, f − ν) dt df
=
1
Tc
∫∫
Tc
Sx(f)Sy(f − ν) dt df
=
∫
Sx(f)Sy(f − ν) df.
Therefore, in this case, the GSSC is equivalent to the classical
definition of SSC in [31]:
γxy(ν, τ) = κxy(ν) = Sx(ν) ∗ Sy(ν), (44)
and a CWAF can be expressed as:
|χ|2xy (ν, τ) =
1
Tc
Px Py κxy(ν). (45)
Furthermore, considering an ideal transfer function for the
front-end with bandwidth Br, the GSSC can be written as
in (16), and the classical SSC turns to be equal to the one in
(12).
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